Although previous studies have compared the diversity and community composition of free-living (FL) and particle-attached (PA) bacterial groups in marine ecosystems, few studies have focused on the FL and PA bacterial communities in large and shallow eutrophic lakes. Furthermore, the assembly processes of the FL and PA bacterial communities have not been investigated. To illustrate the differences between PA (≥5.0 μm) and FL (0.22-5.0 μm) bacterial communities, samples were collected from 13 different sites in Taihu Lake, China. A higher diversity of the PA bacterial group than that of the FL group was observed, and significant differences in bacterial community composition between FL and PA groups were found (analysis of similarity, R = 0.2425, P < 0.001). Moreover, the two groups exhibited different relationships with environmental factors and geographic distance. Environmental factors played more important roles in affecting the FL bacterial community. A deterministic process was found as the primary factor driving the community of FL bacteria in Taihu Lake. However, the PA bacterial group was characterized by insignificant results of partial Mantel tests, which indicated that the community assembly was controlled by unknown processes.
INTRODUCTION
In aquatic ecosystems, bacteria are the major consumers of organic matter (OM) and have vital influences on biogeochemical processes (Yu et al. 2001; Cotner and Biddanda 2002; Azam and Malfatti 2007) . They convert dissolved OM into biomass that fuels microbial food webs, and transfers energy and carbon to higher trophic levels (Mohit et al. 2014) . Within aquatic environments, organic particles are important places for OM mineralization and hotspots of microbial activity (Bižić-Ionescu et al. 2015) . Therefore, bacteria attached to particles in the aquatic ecosystem are particularly important for mediating nutrient cycling (Crump, Armbrust and Baross 1999; Simon et al. 2002; Lamontagne and Holden 2003) . Bacteria attached to particles should be able to survive freely in the water and then colonize new particles (Ghiglione et al. 2007) .
In shallow turbid lake systems, sediment resuspension driven by wind and an intense agglomeration of aggregates may foster specialization of bacterial communities throughout the lake (Tang et al. 2015) . Whether particles can host a bacterial community that is distinct from that of the free-living (FL) bacterial community remains uncertain. A comparison of particleattached (PA) communities with FL communities can provide a better understanding of exchanges between the two bacterial communities and shed light on their important ecological and functional processes (Tang et al. 2015) .
In recent decades, studies of FL and PA bacterial communities have mainly focused on marine ecosystems (Zhang et al. 2007 , Ghiglione, Conan and Pujo-Pay 2009 , Lapoussière et al. 2011 , deep lake environments (Allgaier and Grossart 2006 , Parveen et al. 2011 Rösel, Allgaier and Grossart 2012) as well as turbid estuarine ecosystems (Noble, Bidle and Fletcher 1997, Hollibaugh, Wong and Murrell 2000) , shallow lagoons (Mohit et al. 2014 ) and freshwater mesocosms (Riemann and Winding 2001) . Diversity was often found to be higher in PA relative to the FL bacterial groups (Crespo et al. 2013; Ortega-Retuerta et al. 2013) . Additionally, Ortega-Retuerta et al. (2013) found that the two communities differed in composition in open sea sites but were similar in rivers and coastal seas. The structure of FL and PA bacterial communities was also observed to be similar in turbid estuarine ecosystems (Noble, Bidle and Fletcher 1997; Hollibaugh, Wong and Murrell 2000) and freshwater mesocosms (Riemann and Winding 2001) .
Due to the availability of a greater amount of substrate, PA bacteria are often more active than the FL bacteria (Grossart et al. 2007) . Mével et al. (2008) reported that the PA bacterial communities had a higher specific metabolic activity and higher enzymatic activity rates than their FL counterparts. However, other previous results had found the opposite patterns (Alldredge, Cole and Caron 1986; Martinez, Smith and Steward 1996) . Whether PA bacterial communities are distinct from FL bacterial communities in large and shallow eutrophic lake ecosystems remains uncertain.
Recently, the balance between stochastic and deterministic processes has become a dominant theme in microbial ecology (Diniandreote et al. 2015) . Based on 16S rRNA gene, an increasing number of studies have investigated underground biodiversity and biogeographic patterns using a phylogenetic framework (Bryant et al. 2008; Vamosi et al. 2008) . The relative influence of deterministic and stochastic processes can be altered by environmental heterogeneity. Comparing community phylogenetic structure using randomization procedures such as null models and assessing the deviations from null-model expectations (Ren et al. 2015) can identify the processes (stochastic or deterministic) having the greater influence on the assembly of the community. Previous studies have investigated the phylogenetic structure of microbial communities in different habitats (Stegen et al. 2012; Wang et al. 2012; Zhou et al. 2013; Ren et al. 2015; Chu et al. 2016) and their conclusions support the non-random distributions of microbial community assembly (Wang et al. 2013) . However, we do not yet know the phylogenetic structure and community assembly processes of the FL and PA bacterial communities in Taihu Lake.
In this study, we undertook 454 pyrosequencing of 16S rRNA genes for FL and PA bacterial communities sampled from the large yet shallow Taihu Lake, China. Thirteen sampling sites in the lake and connecting rivers, representing PA and FL microbial communities, were sampled to assess bacterial diversity, community composition and phylogenetic structure. The two questions that are as follows were addressed: (i) Are the PA bacterial communities distinct from the FL bacterial communities in terms of diversity, composition and phylogenetic structure? (ii) Which process (deterministic or stochastic process) is more important in driving the assembly of PA and FL bacterial communities in Taihu Lake?
MATERIALS AND METHODS

Site description and water sampling
Samples were collected from 13 sites in Taihu Lake and its connecting rivers. A high-precision global positioning system (GPS) recorded the locations of the sampling sites (Fig. S1 , Supporting Information). The recorded coordinates were also used to calculate the pairwise distance between sampling sites.
For each sample site, environmental parameters such as pH and temperature were measured in situ at a depth of 0.5 m using a calibrated multifunction water quality sonde (YSI 6600, Yellow Springs, OH, USA). A Schindler sampler was then used to collect ca. 2.5 L water samples at the same 0.5 m depth. Water samples were stored in pre-sterilized polypropylene bottles and transported to the laboratory on ice.
Collection of the bacterial biomass
For each site, PA bacteria were collected by filtering 200 mL of the sampled water through a 5-μm pore-size polycarbonate filter (Millipore, Billerica, MA, USA). The filtrate was then poured through a 0.22-μm pore-size polycarbonate membrane filter (Millipore, Billerica, MA, USA) to collect the FL bacteria biomass. All filters were stored at -80
• C before further processing.
Laboratory measurement of the environmental parameters
Total nitrogen (TN) and total phosphorous (TP) were measured using unfiltered water samples (Rice et al. 2012) . Total suspended solids (TSS) were measured according to standard methods (Jin and Tu 1990) . The concentrations of ammonium (NH 4 + -N), nitrate (NO 3− -N), nitrite (NO 2− -N), total dissolved nitrogen (TDN) and total dissolved phosphorous (TDP) were measured through the continuous colorimetric flow analysis (Skalar SAN PLUS system, Skalar Analytical BV, Breda, Netherlands) after the water samples were filtered through 0.22-μm pore-size polycarbonate membrane filters (Millipore, Billerica, MA, USA). Chlorophyll a was measured using spectrophotometry with hot ethanol as the extraction solvent (Jespersen and Christoffersen 1987) . The results of the physicochemical analysis of the water samples collected from the sampling sites are shown in Table S1 , Supporting Information.
DNA extraction, PCR amplification and pyrosequencing
The extraction and purification of FL and PA bacterial DNA followed the procedures of Wu et al. (2006) . The extracted DNA quality was verified using a BioPhotometer (Eppendorf, Hamburg, Germany) (Zhao et al. 2014) . We used the primers 27F (5 -AGAGTTTGATCCTGGCTCAG-3 ) and 533R (5 -TTACCGCGGCTGCTGGCAC-3 ) (Zeng et al. 2016) 
Sequence processing
We applied the online 454 standard operating procedure of the Mothur software package to denoise and trim the sequence reads (Schloss, Gevers and Westcott 2011) . We eliminated from further analyses all short (<200 nucleotides) sequences (excluding the primer and barcode), sequences that contained ambiguous base calls to the primer sequences and homopolymers that were longer than eight nucleotides (Victor et al. 2010) . The remaining sequences were then aligned with the nearest alignment space termination algorithm against a bacterial SILVA 16S rRNA gene template (Schloss 2010) . We ran 'chimera.uchime' in Mothur to remove putative chimeric sequences that had possible pyrosequencing errors. Then, 'pre.cluster' were further used to prune the data set and accelerate the distance-running procedure (Huse et al. 2010) . We used the online tool RDP Classifier and a bootstrap cutoff of 80% to obtain taxonomic classification information (Wang et al. 2007) . Operational taxonomic units (OTUs) were defined at 3% sequence differences with the furthest-neighbor method in 'Mothur' (Schloss and Handelsman 2005; Schloss et al. 2009 ). An equal number of sequences per sample were randomly subsampled for calculating the alpha and beta diversity.
Statistical analyses
We determined Chao diversity following Chiu and Chao (2016) . The 'picante' package in R (Kembel et al. 2010 ) was used to calculate phylogenetic diversities (PDs) (Faith 1992) . The relative abundance of each phylum/subphylum within each sample was calculated and plotted using the software 'SigmaPlot 12.5'. Living or dead cyanobacteria constitute a large proportion of the particles in freshwater lakes. As such, cyanobacteria were removed from analyses when discussing bacterial community composition in the present study.
Dissimilarities of community composition and phylogenetic structure between the FL and PA bacterial communities were compared using the Bray-Curtis (Bray and Curtis 1957) distance and unweighted UniFrac distance (Lozupone and Knight 2005) . We used non-metric multidimensional scaling (NMDS) that allowed a visualization of the difference of bacterial community composition among samples. Analysis of similarity (ANOSIM) tested the significance of patterns observed in NMDS. Partial Mantel tests, run with 999 permutations, investigated correlations between the bacterial community and dissolved and particulate environmental factors. NMDS, ANOSIM and the partial Mantel tests were conducted using the 'vegan' package in R (Oksanen et al. 2013) . Correlations between the relative abundance of dominant phyla/subphyla (average relative abundance >0.5%), class (average relative abundance >0.5%), order (average relative abundance >0.5%), family (average relative abundance >1.0%) and environmental parameters were calculated using the software SPSS 17.0.
To investigate the assembly mechanisms of the bacterial communities, we ran an analysis of the phylogenetic structure. We applied the 'ses.mntd' command in the 'picante' package of R to calculate the mean phylogenetic distance to each taxon's closest relative (the mean nearest taxon distance, MNTD) and the standardized-effect size of the MNTD (ses.MNTD) of each sample (Webb et al. 2003 ). The null model for ses.MNTD was determined by shuffling taxon labels 999 times across the tips of a phylogenetic tree with a given tree topology and branch lengths to randomize phylogenetic relationships among OTUs. The obtained ses.MNTD could be used to test the phylogenetic clustering or over dispersion (Webb 2000) . Significant (P < 0.05) negative (positive) ses.MNTD values indicate that co-occurring species tend to be more (less) closely related than expected by random and thus represents clustering (over dispersion) (Webb 2000) . We used the package 'picante' in R (Kembel et al. 2010 ) for these analyses. The MNTD between a given pair of samples (betaMNTD) and the standardized-effect size of betaMNTD (ses.betaMNTD) were used to compare the assembly processes of the two bacterial communities (Wang et al. 2013) . NMDS based on betaMNTD measures depicted community composition in two dimensions. Partial Mantel tests assessed the relationships between phylogenetic structure and geographic or environmental distance after controlling for environmental or geographic distance. The significance was calculated using 9999 permutations with the 'vegan' package in R.
Nucleotide sequence accession numbers
The sequence data were submitted to the Sequence Read Archive database (http://www.ncbi.nlm.nih.gov/sra) of the National Center for Biotechnology Information under accession number SRP091707.
RESULTS
Classification, diversity and community composition comparisons between the FL and PA bacterial communities
Across all the FL and PA bacterial communities in the water samples collected from the 13 sampling sites, 62 686 quality sequences were obtained, with the read length of 406 ± 76 bp. The total OTU richness was 6007 at a 97% cutoff for all rarefied samples (to the minimum number of sequences, 2411). Three OTUs consisted of more than 1000 sequences (the maximum was 3782). The RDP Classifier identified 37 phyla (subphyla). The dominant phyla/subphyla included Actinobacteria (24.78 ± 6.34%), Betaproteobacteria (21.79 ± 9.76%) and Alphaproteobacteria (20.20 ± 6.60%) for the FL bacterial community, and Actinobacteria (29.81 ± 5.36%), Betaproteobacteria (17.85 ± 7.92%) and Alphaproteobacteria (14.40 ± 3.85%) for the PA bacterial community (Fig. S2, Supporting Information) . Remarkable differences were observed in the composition of FL and PA bacterial community derived from each sampling site (Fig. S3 , Supporting Information; Table S2 , Supporting Information).
The alpha diversities of the FL and PA bacterial communities were compared based on both the Chao diversity and phylogenetic diversity (PD) indexes. We found that the PA bacterial communities were significantly higher in alpha diversity than those of the FL bacterial communities (Fig. 1a and b) (P < 0.05). Furthermore, the PA bacterial community exhibited higher OTU richness than that of the FL bacterial community for each phylum except Betaproteobacteria, Alphaproteobacteria and Candidatus˙Sacharibacteria (Fig. S4a , Supporting Information). Bacterial groups affiliated with Bacteroidetes (P < 0.05), Planctomycetes (P < 0.01), Firmicutes (P < 0.05) and Deltaproteobacteria (P < 0.05) show significantly higher OTU richness in the PA bacterial community than in the FL bacterial community (Fig. S4a, Supporting Information) . For the average relative abundance, there were significantly higher percentages of bacteria affiliated with Alphaproteobacteria (P < 0.01), Gammaproteobacteria (P < 0.05) and Candidatus Sacharibacteria (P < 0.05) in the FL bacterial community than in the PA bacterial community; however, the opposite was observed for Actinobacteria (P < 0.05), Bacteroidetes (P < 0.05), Planctomycetes (P < 0.05), Firmicutes (P < 0.05) and Deltaproteobacteria (P < 0.05) (Fig. S4b, Supporting Information) .
In the analysis of the total 6007 OTUs across all bacterial communities, most OTUs were detected solely in either PA (41.6% of total OTUs) or FL (21.0% of total OTUs) bacterial communities. The percentage of shared OTUs was 37.4% (Table S3 , Supporting Information). In the analysis of OTUs in each specific phylum, the number of OTUs specific to the PA bacterial community was higher compared to the FL bacterial community, except for Alphaproteobacteria and Candidatus Saccharibacteria (Table S3 , Supporting Information).
The phylogenetic-based UniFrac distance was used to investigate the dissimilarities of community composition of the FL and PA bacterial groups. The UniFrac average distance for the PA bacterial group was 0.72 ± 0.06, significantly higher than that of the FL bacterial group (0.68 ± 0.04) (Fig. 2a) (P < 0.001) . The Unifrac distance between the FL and PA samples of each sample was also shown in Fig. 2a . The UniFrac distance between the FL and PA bacterial communities ranged from 0.63 to 0.80 for the 13 different sampling sites. The community composition of the PA bacterial group was significantly different from that of the FL bacterial group (ANOSIM: R = 0.2425, P < 0.001) (Fig. 2b) .
Linking environmental and spatial factors with bacterial community composition
The effects of geographic distance and environmental variables on the variation of bacterial community composition were TP, total phosphorus; TDP, total dissolved phosphorus; PP, particulate phosphorus. * P < 0.05; * * P < 0.01; * * * P < 0.001.
explored. The results showed that the Euclidean distance of environmental factors exhibited stronger correlations with both the FL and PA bacterial dissimilarities than did geographic distance, which could be observed by the higher R values ( Fig. 3a  and b) . Environmental factors showed a stronger correlation with the FL bacterial community than with the PA assemblage ( Fig. 3a and b) . However, geographic distance showed a stronger correlation with the dissimilarities of the PA bacterial community ( Fig. 3c and d) . Partial Mantel test was used to determine the correlation between the bacterial community and dissolved (including TDN, NO 2 − -N, NO 3 − -N, NH 4 + -N, DIN, TDP and pH) and particulate (including TSS, particulate nitrogen (PN) and PP) environmental factors. In Table 1 , the results showed that both FL and PA bacterial communities had significant correlations with the dissolved environmental factors (R = 0.6562, P < 0.01 for FL; R = 0.6173, P < 0.001 for PA; Table 1 ). However, the particulate environmental factors were only slightly significantly correlated with the PA bacterial community (R = 0.3651, P < 0.05).
To explore the possible effects of environmental factors on the major taxa of FL and PA bacterial communities, Pearson's correlation coefficients were calculated (Fig. S5 , Supporting Information). For the FL bacterial community, the relative abundance of Actinobacteria was positively correlated with the PN. However, the relative abundance of Actinobacteria was negatively correlated with TDN, nitrite nitrogen (NO 2 − -N), nitrate nitrogen (NO 3 − -N), ammonia nitrogen (NH 4 + -N) and dissolved inorganic nitrogen (DIN) for the PA bacterial community. Moreover, for the FL bacterial community, the relative abundance of Alphaproteobacteria was negatively correlated with TN, TDN, nitrite
and particulate phosphorus (PP), whereas the Alphaproteobacteria of the PA bacterial group showed only a significant correlation with PP (Fig. S5a, Supporting Information) . Additionally, we investigated the relationship between the environmental factors and the relative abundance of class, order and family groups of the FL and PA bacterial communities (Fig. S5 , Supporting Information), remarkable differences were observed between the FL and PA bacterial groups.
The assembly processes for FL and PA bacterial communities
To compare the assembly processes of FL and PA bacterial communities, we calculated the mean nearest taxon distance of each sample (MNTD) and the mean nearest taxon distance between a given pair of samples (betaMNTD). The calculated MNTD of the PA bacterial group was significantly higher than that of the FL bacterial group (P < 0.001) (Fig. 4a) . All the standardized-effect sizes of the obtained MNTD (ses.MNTD) values were significantly negative, showing that the bacterial communities tended to be more phylogenetically clustered than would be expected by random (Fig. 4b) . Furthermore, the ses.MNTD of the PA bacterial group was significantly greater than that of the FL bacterial group (P < 0.001) (Fig. 4b) . NMDS based on the betaMNTD measurements showed that samples were phylogenetically segregated between FL and PA bacterial communities (Fig. S6 , Supporting Information). Mantel tests and partial Mantel tests were conducted to investigate the correlation between phylogenetic distance (ses.betaMNTD, UniFrac, betaMNTD) and explanatory distances (geographic and environmental distance) of the FL and PA bacterial communities. As shown in Table 2 , ses.betaMNTD was significantly correlated with environmental distance for the PA bacterial community (P < 0.05), whereas it was not significant for the FL bacterial community. Moreover, ses.betaMNTD was not significantly correlated with the geographic distance for neither FL nor the PA bacterial communities (Table 2) .
After controlling for environmental distance, geographic distance was not significantly correlated with ses.betaMNTD, betaMNTD or UniFrac for either FL or PA bacterial communities. However, environmental distance was significantly correlated with UniFrac and betaMNTD for the FL bacterial community after controlling for geographic distance. Environmental distance had no significant correlations with UniFrac or betaMNTD for the PA bacterial community after controlling for geographic distance (Table 2) .
DISCUSSION
A higher diversity of PA and significant differences in the community composition of FL and PA bacterial groups
One of the main objectives of our study was to determine whether FL and PA bacterial communities differed in diversity and composition. We identified a higher alpha diversity in the PA compared to the FL bacterial community using the Chao and PD indexes. We found a higher diversity in 10 of 13 PA/FL pairs. This confirms previous work in other aquatic ecosystems (Lamontagne and Holden 2003; Mohit et al. 2014) . Bižić-Ionescu et al. (2015) also reported that the OTU richness was greater in PA for 14 of 21 PA/FL pairs. The authors suggested that diatoms were probably the reason for the decreased PA bacterial diversity in the seven other samples. Relatively high levels of antagonistic relationships between bacteria attached to particles in pelagic waters (Long and Azam 2001 ) indicate a disturbance mechanism, which could enhance microbial diversity (Buckling et al. 2000) . The aggregated particles found in the shallow turbid conditions of Taihu Lake have more suitable microhabitats for the PA bacterial community in biogeochemical processes, which leads to much higher growth rates for the PA compared with the FL bacterial community in the surrounding waters (Long and Azam 2001; Grossart et al. 2007; Mohit et al. 2014) .
The dissimilarity of the PA bacterial community from the FL bacterial community was evident at different phylogenetic resolutions. The OTU overlap of the two bacterial groups was 37.4%, lower than the number of OTUs specific to the PA bacterial group. Actinobacteria was the most dominant phylum in both FL and PA bacterial communities. The percentage of OTUs shared between PA and FL bacterial communities in the Actinobacteria 0.0983 * P < 0.05; * * P < 0.01; * * * P < 0.001. phylum was 48.3%. Actinobacteria OTUs specific to the PA bacterial community were about three times higher than for the FL bacterial community (Table S3 , Supporting Information). Parveen et al. (2011) also found more OTUs belonging to the PA relative to the FL bacterial group, possibly due to the greater amount of nutrients found on the particle surface. We can infer that there are many more unique OTUs of Actinobacteria belonging to the PA bacterial group. Actinobacteria play key roles in the nutrient and energy cycles in freshwater ecosystems (Schweitzer et al. 2001; Elifantz et al. 2005) .
Both environmental and geographic distances significantly influenced FL and PA bacterial communities
Linking the variations in bacterial communities with environmental parameters and geographical distance could explain the differences in community composition between the FL and PA bacterial communities. In our results, both environmental and geographic distance significantly influenced the FL and PA bacterial communities (Fig. 3) . However, both bacterial groups were more strongly correlated with environmental factors than with geographical distance. These results may be due to the limited range of distances in our study (minimum and maximum distances between sampling stations were 4.44 and 67.85 km, respectively). Environmental variables appear to significantly influence the composition of bacterial communities at small spatial scales where spatial effects seem to be insignificant (Martiny et al. 2006) . Furthermore, geographical distance had a greater correlation with the PA than the FL bacterial community. Compared to FL bacteria, the PA bacteria are often larger in size, thereby influencing their dispersal ability (Martiny et al. 2006) , while the smaller sized FL taxa tend to have a more random migration pattern (Martiny et al. 2006) . Therefore, the biogeographical pattern of the FL bacterial group is much less distinct than that of the PA bacterial community. Previous studies have discussed the influence of environmental factors on FL and PA bacterial communities (Lapoussière et al. 2011; Ortega-Retuerta et al. 2013; Mohit et al. 2014; Tang et al. 2015) . Mohit et al. (2014) found that the concentration of POM (particulate organic matter) in water was dominant for controlling both the FL and PA fractions, although particularly for the PA bacterial community. Tang et al. (2015) suggested that TSS was the most significant environmental factor for explaining similarities and differences between the FL and PA bacterial communities. We found that both FL and PA bacterial communities were significantly correlated with the dissolved environmental factors (Table 1) . However, particulate environmental factors were only significantly correlated with the PA bacterial community (Table 1) . Particulate environmental factors, including TSS, PN and PP, may maintain more important effects on the differentiation of the PA bacterial community from the FL bacterial community.
Assembly processes for both PA and FL bacterial communities
Our results indicate that environmental factors significantly influence the community composition of both FL and PA bacterial groups. Deterministic processes involved in the assembling of bacterial communities are controlled by contemporary environmental variations (Wang et al. 2013) . However, heterogeneity in communities may be mainly driven by stochastic processes as well, such as the limitation of diffusion and mass effects (Hubbell 2001; Leibold et al. 2004; Cottenie 2005; Martiny et al. 2006; Vellend 2010; Chase and Myers 2011) . Our results show that FL and PA bacterial groups are more phylogenetically clustered than would be expected by random (Fig. 4) , suggesting that both are shaped by environmental filtering (Chu et al. 2016) . However, phylogenetic clustering was stronger for the FL bacterial group suggesting that environmental filtering was more intense for this group. Wang et al. (2013) proposed a method of data analysis to evaluate the relative importance of deterministic and stochastic processes in the assembly process of the bacterial community. We applied this approach to evaluate the relative role of unmeasured environmental variables by relating the deviations from a phylogenetic null model to our environmental and geographic distance observations. By controlling for environmental factors, the significant relationship with geographic distance infers that variables of unmeasured environmental variables heighten the influence of deterministic processes that overwhelm stochastic processes (Wang et al. 2013) . If the phylogenetic turnover is more strongly related to environmental factors rather than geographic distance, deterministic processes should be more dominant than stochastic processes (Stegen and Hurlbert 2011) . Wang et al. (2013) also inferred a greater impact of deterministic processes if deviations from null model increase with geographic distance. They indicated that the impacts of environmental selection are enhanced by unmeasured environmental variables and are stronger than influences of geographic isolation (Wang et al. 2013) .
In our study, there were no significant relationships between the calculated ses.betaMNTD and geographic distance for either FL or PA bacterial groups, suggesting that such a relationship was due to stochastic processes rather than deterministic processes driven by unmeasured environmental variables. To assess the relative importance of deterministic and stochastic processes, the relative magnitude of partial Mantel coefficients from the analyses of UniFrac and betaMNTD were used because these observed or 'raw' beta diversity metrics can increase the influence of stochastic processes. As shown in Table 2 , the partial Mantel coefficient was higher for the environmental distance than for the geographic distance in the FL bacterial community but not in the PA bacterial community. As such, this suggests that the assembly processes of the FL bacterial community are more influenced by deterministic processes than by stochastic processes. Conversely, the PA bacterial community was characterized by an insignificant result from partial Mantel tests, which provides no distinct ecological consequences. Our results for the FL bacterial community are consistent with observations of subsurface microbial communities. Stegen et al. (2012) found that deterministic factors strongly determined local community composition of subsurface microbes and that stochastic factors have an important but secondary role. The author suggested that composition within and turnover between communities were controlled by deterministic factors, whereas stochastic ecological drift more strongly influenced turnover compared to its influence within community composition (Stegen et al. 2012) . In contrast to the above results, Zhou et al. (2013) carried out experiments in microbial electrolysis cell (MEC) reactors and their results suggested that stochastic factors were dominant in shaping the structure and functions of these MEC communities. Therefore, ecological drift could be important in governing the composition of microbial community (Woodcock et al. 2007 , Ofiteru et al. 2010 ). Deterministic and stochastic processes are both vital in shaping the structure and composition of the PA and FL bacterial communities. However, the results in this study suggested that FL bacteria are primarily driven by deterministic environmental factors, whereas the PA bacterial community is more geographically heterogeneous compared to the FL bacterial community.
In our study, the community composition of both the FL and PA bacterial groups was strongly associated with environmental factors (Fig. 3) . However, these factors can vary over time. Changes in nutrient concentrations could greatly affect the bacterial community composition in the aquatic ecosystem (Cotner and Biddanda 2002) . Additionally, the quality and abundance of particles would change with time, which would also affect the diversity and composition of the PA bacterial group (Simon et al. 2002; Rösel, Allgaier and Grossart 2012) . In our study, water samples were collected at only one point in time. Further studies are needed to investigate the temporal dynamics of the diversity, composition and assembly process of the FL and PA bacterial communities in this large, shallow and eutrophic lake.
We observed the heterogeneity of diversity, composition and phylogenetic structure between the PA and FL bacterial communities. Furthermore, we found some dominant taxonomic groups to be unique to the PA bacterial group (which may play key roles in nutrient cycling in freshwater ecosystems). We also investigated the relative importance of stochastic and deterministic processes in shaping both the PA and FL bacterial communities. Deterministic processes were more important than stochastic processes in the assembly of the FL bacterial community. Further investigations are needed to obtain detailed knowledge about the functions and assembly processes of the PA bacterial community.
